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INTRODUCTION
For the past decades, adaptive control [1] [2] [3] [4] [5] has been well developed due to its online learning ability to update control parameters and to handle model uncertainties. Historically, there have been two major adaptive control frameworks [2] : model reference adaptive control (MRAC) and self-tuning adaptive control (STAC). However, in both methodologies, the adaptive laws are designed to minimize either the tracking control error or the observer/predictor error based on the gradient descent method [1] . Although elegant mathematical results have been developed to guarantee the steady-state performance of adaptive control systems, it is noted that the potentially poor transient performance severely limits the practical application of adaptive control schemes. As frequently encountered in practice, a small tracking error and smooth tracking performance during the first few seconds of operation are essential for maintaining system safety. However, unlike linear time-invariant plants, characterizing and quantifying the transient response of adaptive control systems are not trivial due to the inherently nonlinear and time-varying properties [1] . This point can mainly be understood from the fact that the parameter estimation convergence speed of gradient based adaptive laws is a function of the observer error and/or control error, which creates strong couplings.
Following the studies in the stability analysis of adaptive control systems in the 80s and the robustness enhancement in the 90s, several attempts have been made to analyze the transient performance of adaptive control [6] [7] [8] .
It is known that high gain adaptation in adaptive control with fast learning can help to suppress the uncertainties in the transient response [9] . In particular for MRAC, a high learning rate can be useful for reducing the mismatch between the uncertain dynamical system and the ideal reference model. However, the limitations and drawbacks of high gain adaptation have also been well recognized and documented, i.e. high learning rate can lead to control signals with high-frequency content, excite high-frequency unmodeled dynamics and thus even trigger instability in the presence of measurement noise [10] . In this respect, it is necessary to carefully make a trade-off between the stability, robustness and the transient performance in high gain adaptive control designs. To eliminate the high frequency oscillations that come from fast adaptation in the adaptive control system, the authors of [9] introduced a low-pass filter in the control loop to reshape both the transient and steady-state performance. This methodology is known as L 1 -adaptive control. However, the original control objective, i.e. exact tracking of the ideal reference model, has been slightly changed in L 1 -adaptive control due to the adopted filter dynamics. Barrier Lyapunov Function (BLF) based control methods have been effective in addressing constraints imposed on the system output or state variables. In [11] , a BLF was employed to design an adaptive control for nonlinear strict-feedback systems, which should fulfill the imposed output constraints. This idea was further extended to address time-varying output constraints [12] .
Subsequently, a novel BLF was incorporated into iterative learning control (ILC) control for output constrained systems [13] , fault tolerant control for MIMO systems with state constraint [14] , and nonlinear switched systems [15] .
Thus, BLF-methods have helped to enhance transient responses in [16] . Another notable method to quantitatively analyze and prescribe the transient performance of adaptive control systems is the prescribed performance function (PPF) [17] , which can characterize the maximum overshoot, convergence rate and steady-state error. Several improved PPFs were also suggested for strict feedback systems [18] , servo systems [19] and interconnected systems [20] . The central feature of PPF control is that both the transient and steady-state performances can be examined and prescribed during controller design. However, the initial system conditions should be appropriately known to set the PPF parameters, and asymptotic convergence of the tracking error to zero may not be achieved in order to avoid the potential singularity issue [19] .
Recently, a new MRAC architecture has been developed by introducing an observer-like feedback term in the reference model [21] [22] [23] , which was subsequently named as the closed-loop reference model (CRM) in [21] . The key idea is to add an observer-like term containing the state error between the reference model and the controlled system in the reference model. Then the associated feedback coefficient can change the eigenvalues of the closed-loop system to shape the error convergence response. In [24] , this idea of CRM was further extended for adaptive output control for systems that satisfy an accessible matching condition with a separation-like principle. However, it was shown in [23] that a trade-off between the fast transient dynamics and the error feedback gains should be made to remedy the potential peaking phenomenon. This idea has been further improved in [25] by using the high-frequency content between the uncertain system and the reference model to limit the frequency component involved in the system error dynamics. In [26] , a new modification scheme of the reference model was suggested, where the compensator is constructed based on the tracking error dynamics. In this adaptive control, an extra low-pass filter was used to achieve robustness against measurement noise, because the induced residual term in the closed-loop system contains the high-pass filtered component of the derivative of the tracking error.
In addition to modifying the reference model that generates the desired behavior to be followed, another major element in MRAC, the adaptive law is also essential in adaptive control systems, i.e. fast and precise estimation of unknown parameters can help to improve the transient response [1] [2] [3] [4] [5] . However, this point has drawn little attention in the synthesis of MRAC. Recently, a low frequency adaptive law [27] was proposed by using a modification term to filter out the high-frequency content in the update law, so that fast adaptation can be obtained by using large, high-gain induced, learning rates. An alternative adaptive law with an optimal modification was presented in [28] , which is designed based on the minimization of the L 2 norm of the tracking error by solving an optimal equation. Beyond the well-known robust adaptive laws (e.g. e-modification and σ-modification), a new Q-modification [29] has been developed using the integral of the derived uncertainty on a 'moving' time interval as a new leakage term. A derivative free (without integration) adaptive law [30] was studied for MRAC, which uses the information of delayed estimates and of current system state variables and control errors, so that the rapid time-varying dynamics can be estimated.
Although better control performance can be obtained, these modifications use the time histories of system state variables and control actions, and thus a large history stack is required to store these required system dynamics; this may impose increased computational costs. Moreover, the convergence of estimated parameters to their true values cannot be guaranteed.
Another critical issue in the adaptive parameter estimation is the verification of persistent excitation (PE) condition, which needs to be fulfilled to guarantee the error convergence [1] . The online validation of the PE condition, however, has been considered as a crucial yet non-trivial problem, in particular for nonlinear systems. To address this issue, the algorithm of [31] needs to test online the invertibility of a matrix and to compute its inverse when it is appropriate.
Recently, a concurrent learning adaptive control [32] was proposed to relax the PE condition, where specifically selected and recorded data over finite intervals is incorporated concurrently with instantaneous data for adaptation; this scheme also requests a large history stack to store past system information. In our previous work [33] [34] [35] , we have suggested a novel 'direct' parameter estimation framework based on the parameter estimation error, and proposed several adaptive laws to achieve exponential and finite-time error convergence. The salient feature of our methods [33] [34] [35] is that the parameter estimation is obtained without using the state derivatives and past system information, and is independent of observer/predictor design. The ideas have been further extended to some particular control system designs [33, 36] . We have also proved that the classical PE condition is sufficient to guarantee the required excitation condition (i.e. an introduced auxiliary matrix is positive definite). Although this result partially solved the problem of verifying the PE condition, the inverse of the claim (i.e. the positive definiteness of the introduced auxiliary matrix implies the standard PE condition) was not proved in [33] [34] [35] , which deserves further investigation for the purpose of online verification of the exact PE condition.
In this paper, we will address the transient performance improvement of model reference adaptive control systems.
After revisiting the standard MRAC, we point out the potential solutions that can reshape the system transient response, where two of them will be considered in this paper. A new system modification scheme is first suggested, where a compensation term is constructed based on the tracking error dynamics and appropriate filter operations. This compensator is used in both the reference model and control action to adjust the reference model and to reshape the closed-loop control system. This can be achieved because the introduced compensator can rapidly suppress the undesired uncertainties in the controlled system in comparison to the ideal reference model. Consequently, high gain learning in the adaptive laws is not necessary for eliminating the transient error dynamics. We show that the introduced compensation term does not change the original steady-state characteristics and it makes the states of the controlled system approach the response of the desired reference system faster and smoother in the transient time by appropriately choosing a design parameter. Thus, the original control objective to follow a reference model can be retained. We further consider the improvement on the transient performance by modifying the adaptive law to achieve exponential convergence of both the tracking error and parameter estimation simultaneously. For this purpose, the originally suggested adaptive laws in our work [33] [34] [35] have been further explored considering the error dynamics to provide new leakage terms, which contain the parameter estimation error. In particular, we prove in this paper that the standard PE condition is equivalent to an alternative excitation condition (i.e. positive definiteness of an auxiliary matrix). Thus, this paper suggests an indirect but feasible and intuitive method to online verify the exact PE condition.
Simulation results are provided to validate the theoretical studies, and to demonstrate the improved estimation and control performance.
The main contribution of this paper can be briefly summarized as: 1) we propose a new method to modify the reference model in the MRAC framework, where a compensation term is included to capture and suppress the transient uncertainties. This compensation term is derived considering the control error system, and thus is different to the CRM method [21] [22] [23] as shown in Section 3.1; 2) we design an improved adaptive law using new leakage terms with the estimation error; this adaptive law can guarantee the convergence of the estimated parameters to their true values, and thus improve the transient control response; 3) we present an indirect method to online verify the PE condition by calculating the minimum eigenvalue or condition number of an auxiliary matrix.
Notation:
Throughout this paper,  , n  , n n ×  denote the real numbers, real column vectors with dimension 1 n × and real matrices with n n × , respectively. max ( ) 
Definition 1 [1]:
A vector or matrix function φ is persistently excited (PE) if there exist
PROBLEM FORMULATION AND PRELIMINARIES

PROBLEM STATEMENT
Consider the following uncertain dynamic system as ( ) ( )
are system matrices, and the pair ( , ) A B is controllable and det( ) 0
The purpose of the control design is to obtain an adaptive control to make the state x of system (1) track the state r x of the following desired reference model
where n r x ∈  is the state of the reference model, m r ∈  is a given bounded command, n n r A × ∈  is a Hurwitz system matrix and n m r B × ∈  is the input matrix.
Assumption 1:
The nonlinear uncertainties in (1) can be represented in the following parameterized form
 is a known function vector. Without loss of generality, the unknown parameter W is assumed to be constant.
However, this condition can be relaxed to more generic cases where the parameter W is time-varying, which will be discussed in Section 3.
Remark 1:
Assumption 1 is quite standard because the studied system (1) with (3) can cover both linear and nonlinear systems. This condition has been widely recognized and used in the adaptive control community (e.g. [1] [2] [3] [4] [5] ) and can be fulfilled in most practical systems. For specific nonlinear systems that do not fulfill Assumption 1, a function approximator (e.g. neural network and fuzzy system) can be used to create a similar formulation as (3), which will be explained in Section 3.
Assumption 2:
The pair ( , ) r r A B in system (2) is a stable pair, and the matching condition r
In the following developments, it should be noted that for many time-dependent parameters, we omit for reasons of brevity the argument (t) after initial definition.
TRADITIONAL MRAC AND PERFORMANCE ANALYSIS
Before introducing our idea, we first revisit the classical MRAC and its performance analysis. This will serve as the basis for further studies and also help to show our motivations. In the standard MRAC framework, the following control is used to make the state x of system (1) track the state r
x of the reference model (2) a n u u u = + (4) where n u is the nominal control and a u is the adaptive control, which are given as
where x K and r K are the feedback gain and feedforward gain, respectively; Ŵ is the estimation of the unknown matrix W , which is online updated by the adaptive law
where 0 Γ > is the adaptive gain, and r e x x = − denotes the tracking error. It is noted that there are several modified robust adaptive laws based on (7), e.g. optimal modification [28] , σ-modification and e-modification proposed in [1] [2] [3] [4] [5] . Thus, the adaptive law (7) has been widely used although their robust modifications do not permit asymptotic convergence. We suggest here a modification of (7) , which guarantees faster and exponential convergence. This modification is easily compared to the standard adaptive scheme (7) . By substituting (4)~(6) into system (1), the closed-loop control system can be given as ( )
Moreover, the tracking error dynamics can be obtained from (2) and (8) as
is defined as the estimation error. Although the following lemma and its proof can be found in almost any adaptive control book, we represent it for the purpose of completeness and of further analysis of the transient performance:
For system (1) with the adaptive control (4)~(7) and reference system (2), all signals in the closed-loop system are bounded and the tracking error e converges to zero asymptotically.
Proof: The proof of Lemma 1 can be found in any adaptive control book. Thus, please refer to [1] [2] [3] [4] [5]  used to prove the stability and convergence of MRAC. Then as shown [1] [2] [3] [4] [5] , the derivative of V can be obtained along (7) and (9) as 0
so that from the limit case t → ∞ it follows
Moreover, we quantify the L ∞ norm bound of the tracking error from (10) as
It is shown in (11) that the L ∞ norm of e depends on two components: the initial tracking error (0) e , and the initial estimation error (0) W  . Moreover, it is shown that the effects of (0) W  can be reduced by using a large gain Γ , i.e. a high gain adaptive law can rapidly suppress the effects of the initial estimation error (0) W  in the transient period.
However, a large, high-gain induced, learning rate also causes undesirable high-frequency oscillations in adaptive systems, which may excite unmodeled dynamics and trigger instability. To address this issue, we quantify the 2 L norm bound of Ŵ  , which correlates to the bound on the amplitude of high frequency oscillations in the adaptive systems [23] . As pointed out in [23] , reducing the 2 L norm of this derivative can implicitly decrease the amplitude of the high frequency oscillations. From (7), we know that
Using the bound on 2 e in (10), we have
The 2 L norm of Ŵ  in (13) increases as long as the learning gain Γ increases because both terms
Thus, the only way to uniformly decrease the 2 L norm bound of (13) (and thus high frequency oscillations) is to decrease the adaptive gain Γ .
The analysis in (11) and (13) shows the well-known trade-off in the adaptive control design, i.e. the high frequency oscillations in the adaptive system can be reduced by choosing a small learning gain, while a small learning gain leads to sluggish tracking error convergence. This is reasonable because only one parameter (adaptive learning gain Γ ) cannot provide sufficient degree-of-freedom to fulfill such two conflicting control objectives simultaneously. This fact motivates our current study to reshape the transient response of MRAC by altering the reference model and proposing a new adaptive law.
MODIFIED CONTROL ARCHITECTURE
MOTIVATION
Following the analysis in Section 2, we further explore potential ways to improve the transient performance of MRAC. For this purpose, we recall the reference model (2), the controlled system (8) and the associated error (9) , and then find the following solutions to modify the error convergence of e and to shape the response of x : 1) Improve the convergence of the control error e by changing the transition matrix of (9) (e.g. eigenvalue of r A ): It is shown in (9) that the error convergence speed depends heavily on the location of the eigenvalues of r A . This implies that the convergence of e to zero can be improved if the eigenvalues of matrix r A are shifted. This idea has led to recent work [21] [22] [23] , where an extra error feedback term ( )
such that the matrix r A in (9) can be replaced by r r A B K + . Hence, the feedback gain K provides one more degree-of-freedom to manage the above two conflicting control objectives. However, the induced peaking phenomenon [23] should be carefully managed by tuning the parameters K and Γ . Thus, if the uncertainties ( ) (8) can be appropriately compensated, the transient response can be significantly improved. This idea has been initially studied in [26] by using a command governor architecture. In this paper, this observation will be further explored by introducing a feasible modification of the reference model and control action, which is independent of high frequency error content. Note both the reference model and control action are modified in this method, which is thus clearly different to the idea presented in [21] [22] [23] , where only the reference model is adjusted.
3) Improve the convergence of the estimation error W  in (8) 
MODIFICATION ON REFERENCE MODEL
We first present the modification scheme for the reference model (2) 
where 0 k > is a constant filter parameter. Note that (14) can be easily implemented by applying a filter operation 1/( 1) ks + on the available variables e , φ and ˆT f kW φ  .
We further define an auxiliary term
Then, the reference model in (2) and nominal control (5) can be modified by using a new command signal r as
where 1 1 ( )
r is a given bounded command signal, and Ε is the signal used to reshape the reference model and control via r in (16) . Note that in Section 2, r denotes the external command for the reference model (2), while in this section and the remainder sections, d r is used to replace this external command.
In this case, we substitute the modified command (16) into the reference model (2), system (1) and control (4) x A x B r BF = + + Ε  (17) and the controlled system can be given as ( )
It should be noted that the tracking error dynamics between (17) and (18) do not change (i.e. the tracking error equation (9) still holds for (17)~(18)), because the modified command r in (16) is used in both the reference model (2) and the nominal control (5) . Thus, we have the following results: 
Proof:
From the modified reference model (17) and the controlled system (18) , one can obtain that the closed-loop error dynamics of e are the same as shown in (9) , and the adaptive law (7) is used. Thus, the two equations used for the stability analysis are the same as those used in the standard MRAC in Lemma 1, so that the proof of asymptotic convergence for e to zero can be conducted by using the Lyapunov function  . This is similar to that shown in Lemma 1, which we will not repeat again.
Moreover, when 0 e → and 0 f e → hold for t → ∞ , we can verify from (7) that ˆ0 W →  , which implies 0 f ε → from (14) . Consequently, lim 0 t →∞ Ε = can be proved based on (15) , and lim d t r r →∞ = is also true according to (16) . ◇
Remark 2:
Theorem 1 proves the closed-loop system stability and the steady-state performance (e.g. 0 e → ). However, in this case, the control error e is the difference between the modified reference model (17) and the controlled system (18) . Thus, to claim the original control objective stated in Section 2.1 (i.e. x of (18) converges to r x of (2)), we should prove that the state of the modified reference model (17) converges to the state of the following reference model r r r r d
x A x B r = +  (19) which is the same as the ideal reference model (2) except using d r as the external demand. This is obvious from (17) and (19) and the fact the lim 0 t →∞ Ε = . In this case, the original control objective can be retained.
Similar to the analysis in Section 2, we can derive the L ∞ norm bound of e as (11) (18) to track the ideal reference system (19) in an improved way. In particular, we will prove that the modification term BFΕ approximates ( )
Theorem 2
For system (1) with the reference model (17) including the modifications in (14)~(16) and the adaptive control (4)~(7), the controlled system (18) can be given as ( )
In this case, the controlled system (20) converges to the ideal reference model (19) 
Moreover, we apply the filter operation 1/( 1) ks + on both sides of the tracking control error (9) and consider the filtered variables in (14) , and then have
Consider the fact that
, then we obtain from (15) and (21) that
Then, substituting (22) into the controlled system (18) with 1 ( ) (20) .
We now further investigate the term f φ φ − . It is clear that
is true as long as 0 k → .
Consequently, the controlled system (20) tends to the ideal reference model (19) for 0 k → . ◇
Remark 3
As shown in Theorem 2, the controlled system (20) approaches the ideal reference model (19) in the transient time provided that the filter gain k is set sufficiently small, i.e. f φ φ − is small. This can improve the transient response of the closed-loop system. In this case, the adaptive learning Γ does not have to be necessarily very large to retain the transient error convergence as shown in (11) and Lemma 1. This key feature also allows for improved parameter estimation. As discussed in (13) , the 2 L norm bound of Ŵ  correlates to the amplitude of high-frequency oscillations, and can be diminished by using a small learning gain Γ .
The above claims can be further shown in an alternative way by comparing the responses of the original controlled system (8) (with the original reference model (2) ) and the new controlled system (20) (with the modified reference model (17) ) to the ideal reference model (19) . For comparison, we derive the solution of (19), (8) and (20) as
Denoting the difference between the ideal reference (19) and the controlled systems as 
For modified MRAC:
and Theorem 2, we can set k sufficiently small. It is also true that [37] for any continuous regressor φ . Hence, the transient tracking performance is significantly improved for the modified MRAC with a small filter coefficient k .
Moreover, as shown in (29) , the transient bound of e depends on the bound of W  ; this illustrates that the transient response can also be further improved by accelerating the convergence of W  . This fact motivates our further idea to modify the adaptive law (7) to be presented in the next subsection.
NEW ADAPTIVE LAW
In Section 3.2, the convergence of the estimation error W  to zero with the gradient adaptive law (7) may be difficult because the online validation of the required PE condition is difficult. However, as pointed out in the above observation 3) and shown in (29) , fast convergence of W  can also help to improve the transient response of e and x .
Thus, we will modify the adaptive law (7) in terms of new leakage terms to guarantee the convergence of W  to zero.
We define the auxiliary matrix Then we provide an alternative adaptive law as
where 0 Γ > is the adaptation gain, 1 0 κ > and 2 0 κ > are positive constants, and Ε is the variable defined in (15) .
Before we prove the convergence of the adaptive law (31), we will first study the relationship between the matrices M and N , which gives the following Lemma:
Lemma 2
For the variables defined in (30), then we have N MW =  . Proof From (30) , we obtain the solution of ( ) M t as
Then consider the fact
Then the equation (34) can be further rewritten as
Since the initial condition is set as (0) (0) 0 M N = = , we apply the integral on both sides of (35) and obtain 0 ( ) ( )
which together with (32) implies
This completes the proof. ◇
We now address the relationship between the positive definiteness of M and the standard PE condition. The following Lemma significantly improves the result of [33, 36] , where only the first part has been provided. 
Proof
It is shown that the transfer function 1/( 1) ks + in (14) is stable, minimum phase and strictly proper [1] , then the PE condition of f φ is equivalent to the PE condition of φ because f φ is the filtered version of φ . Moreover, from Definition 1, the PE condition ( ) ( )
is true, then we know
Moreover, it can be verified for all
From ( Finally, we will prove that if M is positive definite, then f φ is PE. If M is positive definite, i.e.
The last inequality is obtained by using the facts
where 1 x is the roll angle and 2 x is the roll rate, u denotes the aileron control input . The unknown aerodynamics are   3  1 1  2 2  3  1  2  4  2  2 
SIMULATION ANALYSIS OF MODEL REFERENCE CONTROL ELEMENTS
Then the following four cases are simulated: Case 1: Standard MRAC (4)~ (7) . It is noted that the above case 2) is to simulate the worst case to validate the efficacy of the term GΕ , where the adaptive law (6) is switched off (i.e. 0 Γ = ). Moreover, the case 3) is dedicated to show the advantage of the proposed adaptive law (31) with new leakage terms in comparison to the standard MRAC in Case 1). Fig.2 depicts the performance of the standard MRAC (4)~ (7) . It is shown that the roll rate and control signals contain high-frequency oscillations (Fig.2(b~c) ) although fair roll angle tracking response is achieved ( Fig.2(a) ). As we analyzed following Lemma 1, a significant initial error (0) W  could trigger high-frequency transient dynamics in the adaptive systems. This is also because the used gradient adaptation (7) in this case study cannot achieve fast and precise estimation of unknown parameters (the estimated parameters are given in Fig.2(c (6) is turned off in the case 2) (i.e. the learning gain is set as 0 Γ = , and ˆ( ) (0) 0 W t W = = for all t >0 in the simulation, and thus the adaptive control action 0 a u = ), and only the compensator GΕ is used to address compensation of the nonlinearities ( ) f x . In this case, the estimation error W W =  leads to significant dynamics ( ) (18) , which should be compensated with Ε . Simulation results are given in Fig.3 , from which we can find that a fast and satisfactory tracking response can be achieved, and the control signal is smooth. This implies that the induced compensator term GΕ can estimate the unknown dynamics ( ) f x in the system, which is used to reshape the (18) . Since the adaptive control action a u has not been used in this simulation, we can conclude that high-gain adaptation or learning is not necessary, which also contributes to the smooth transient response. Specifically, the high frequency content in the adaptive laws can be diminished so that the state variables and control actions shown in Fig.4 (a~b) are smoother than those in case 1) ( Fig.2(a)~(b) ). This result is expected because the newly included leakage terms can guarantee fast and precise parameter estimation as shown in Fig.4(c) . Thus, simultaneous tracking control and parameter estimation are achieved. However, the residual error T W φ  during the first 5sec, before W  reaches zero, leads to a slightly oscillating transient response in the roll rate ( Fig.4(a) ). This could be further addressed by including the modified reference model (14)~ (17) . Finally, simulation results of adaptive control (4)~(6) with the new adaptive law (31) and the modified reference model (14)~(17) can be found in Fig.5 , where the generated compensator GΕ is illustrated in Fig.5(b Fig.5(a) ) in comparison to Fig.4(a) . This result is explained in Theorem 3, i.e. the controlled system response of (18) behaves almost the same as the ideal reference model (19) . It is found that the profiles of the estimated parameters are very similar to those shown in Fig.4(c) . 
COMPARATIVE ANALYSIS WITH PRESCRIBED PERFORMANCE CONTROL
To further show the merit of this paper, we compare the proposed control with the prescribed performance function (PPF) based control [19] , which has also been proposed to address the transient performance of adaptive control systems. For this purpose, we refer to [19] for the detailed control design procedure. Here, we provide the designed PPF control for system (46) as The central idea of PPF control (47) is that both the transient and steady-state error bounds can be designed in an a priori manner. However, asymptotic or exponential convergence of tracking error 1 1 1 r e x x = − to zero may not be theoretically proved due to the induced residual steady-state error in the PPF ( ) t µ (i.e. 0.05 in our simulation), which cannot be set to zero in order to avoid the potential singularity. This fact can be observed in the following simulation results. Moreover, the precise estimation of unknown parameters in (46) , i.e. To validate robustness of the proposed method against disturbance, an extra signal ( ) 0.01sin(8 ) d t t = is introduced to the roll rate measurement of system (46). Fig.7 depicts the profiles of the tracking errors and the associated control signals with the proposed MRAC (Case 4)) and the PPF control (47). It can be found from Fig.7 that the proposed control scheme can obtain smoother responses of roll angle, rate and the control signals ( Fig.7(b) . Hence, the overshoots of roll angle and rate ( Fig.7(a) ) can be well eliminated via the modified MRAC. Specifically, the steady-state tracking error of the PPF control is slightly larger than that of the proposed control, i.e. error convergence to zero cannot be guaranteed for all 0 t > . 
CONCLUSIONS
Although adaptive control has been well developed with mathematical guarantees for steady-state performance, the potentially poor transient performance may limit its practical application. This paper addresses the improvement of the transient performance of MRAC for nonlinear systems, which can be achieved by introducing a new compensator into the reference model and the control, and also new leakage terms in the adaptive law. The rapid suppression of undesired uncertainties in the controlled system is achieved by splitting their impact during the transient stage for the reference model and the nominal control. In this case, a large, high-gain induced, learning rate that may trigger high-frequency oscillations in the adaptation can be avoided; this in turn leads to smoother transient and convergence to the steady-state. Consequently, we prove that the controlled system follows the ideal reference model, provided that a sufficiently small filter parameter is used in the compensator. Moreover, we also suggest an improved robust adaptive law by introducing new leakage terms to guarantee faster and precise estimation of unknown parameters; this method can further reshape the transient response. In this respect, exponential convergence of both the tracking error and estimation error can be proved simultaneously. Another contribution is that we provide a numerically feasible way to online verify the classical PE condition, which is equivalent to the positive definiteness property of an auxiliary matrix. Theoretical studies have been validated in terms of numerical simulations. The suggested ideas of modifying the reference system and adaptive laws will be further explored for other adaptive architectures in our future work.
